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Materials lacking in-plane symmetry are ubiquitous in a wide range of applications such as 
electronics, thermoelectrics, and high-temperature superconductors, in all of which the thermal 
properties of the materials play a critical part. However, very few experimental techniques can be 
used to measure in-plane anisotropic thermal conductivity. A beam-offset method based on time-
domain thermoreflectance (TDTR) was previously proposed to measure in-plane anisotropic 
thermal conductivity. However, a detailed analysis of the beam-offset method is still lacking. Our 
analysis shows that uncertainties can be large if the laser spot size or the modulation frequency is 
not properly chosen. Here we propose an alternative approach based on TDTR to measure in-plane 
anisotropic thermal conductivity using a highly elliptical pump (heating) beam. The highly 
elliptical pump beam induces a quasi-one-dimensional temperature profile on the sample surface 
that has a fast decay along the short axis of the pump beam. The detected TDTR signal is 
exclusively sensitive to the in-plane thermal conductivity along the short axis of the elliptical beam. 
By conducting TDTR measurements as a function of delay time with the rotation of the elliptical 
pump beam to different orientations, the in-plane thermal conductivity tensor of the sample can be 
determined. In this work, we first conduct detailed signal sensitivity analyses for both techniques 
and provide guidelines in determining the optimal experimental conditions. We then compare the 
two techniques under their optimal experimental conditions by measuring the in-plane thermal 
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conductivity tensor of a ZnO [11-20] sample. The accuracy and limitations of both methods are 
discussed.  
I. INTRODUCTION 
Materials lacking in-plane symmetry are ubiquitous in a wide range of applications such as 
electronics,1,2 thermoelectrics,3,4 high-temperature superconductors,5,6 and thermal management,7,8 
in all of which the thermal properties play a critical part. However, very few of the thermal 
conductivity measurement techniques9 can be used to measure in-plane anisotropic thermal 
conductivity. The beam-offset method based on the time-domain thermoreflectance (TDTR)10,11 
and the multiple-heater-line method based on the 3-omega12,13 are both being developed over the 
recent years to measure the in-plane anisotropic thermal conductivity of small-scale (thin film) 
samples.  
In the beam-offset method based on TDTR,11 the pump beam is swept across the probe beam 
and the full-width half-maximum (FWHM) of the out-of-phase signal Vout at a negative delay time 
of around -100 ps is used to derive the in-plane thermal conductivity along the scanning direction. 
One obvious disadvantage of the beam-offset method is that the derivation of the thermal 
properties relies solely on one data point, i.e., the FWHM of Vout at a negative delay time, whereas 
the uncertainty of the FWHM signal can have a significant impact on the measurement uncertainty. 
Besides, despite the initial demonstration of this method by Feser et al.,11 it remains unclear how 
to choose the optimal experimental conditions that can yield the smallest measurement uncertainty.   
In this paper, we propose an alternative approach using a highly elliptical pump beam based 
on TDTR to measure the in-plane thermal conductivity of laterally anisotropic materials. We first 
determine the optimal experimental conditions of the laser spot size and modulation frequency for 
both methods through detailed sensitivity analyses. We then discuss the accuracy and limitations 
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of both methods in measuring the in-plane anisotropic thermal conductivity. In the end, the two 
methods are compared by measuring the in-plane thermal conductivity tensor of a ZnO [11-20] 
sample.  
 
II. METHODOLOGIES 
Both the elliptical-beam method and the beam-offset method are based on TDTR, which is a 
powerful and versatile technique that has been applied to measure thermal properties of a wide 
range of thin films,14-16 multilayers,17,18 nanostructured and bulk materials,19,20 and their 
interfaces.21-23 TDTR uses two synchronized light sources, referred to as the pump (heating) and 
the probe (sensing) beams. The pump beam deposits a periodic heat flux on the sample surface 
and induces a temperature change in the sample, which is then monitored by measuring the change 
in the intensity of the reflected probe beam. A schematic diagram of a typical TDTR system is 
shown in Figure 1(a). More details of the system implementation have been described elsewhere.24-
29 Particularly, there are two features of the system relevant to this work that are worth mentioning 
here: (1) The polarizing beam splitter (PBS) in front of the objective lens is gimbal-mounted so 
that the pump beam can be steered to enable the operation of the beam-offset method while the 
position of the probe beam is unaffected. (2) A pair of cylindrical lenses can be added in the pump 
path to generate a highly elliptical pump beam for the elliptical-beam experiments. This pair of 
cylindrical lenses can be conveniently added or removed to change the shape of the pump beam if 
they are mounted on a magnetic kinematic base. In what follows, we will have detailed discussions 
on the currently proposed elliptical-beam method and the recently developed beam-offset 
method,11 respectively. We will specifically focus on their optimal experimental conditions, 
measurement accuracy, and limitations.  
4 
 
A. Elliptical-beam method 
In our proposed elliptical-beam TDTR approach, the experiments are conducted following the 
same procedure as in the conventional TDTR, i.e., the pump and the probe beams are 
concentrically aligned and the ratio signals in outR V V  acquired as a function of delay time are 
used to derive the thermal properties, except that the pump beam is of a highly elliptical shape. A 
schematic of the elliptical-beam method is shown in Figure 1(b), the rationale of which is described 
in details below.  
In TDTR experiments, the heat energy is first deposited by the pump beam on the sample 
surface, and then it spreads out in all directions, as illustrated in Figure 1(c). Due to the multiple 
timescales in TDTR experiments, the heat source includes two parts: one is the pulsed heating and 
the other is the sinusoidal, continuous heating at the modulation frequency. The pulsed heating 
mainly induces a jump in the in-phase temperature response at the zero delay time and its 
subsequent cooling before the coming of the next pulse: in in in ( 0)dV V V t    , where in ( 0)dV t   
is the so-called pulse accumulation.30 On the other hand, the modulated continuous heating mainly 
induces the out-of-phase temperature response outV .31 Therefore, the in-phase signal inV  that is 
induced by single pulse heating depends on the delay time but not on the modulation frequency, 
while the out-of-phase signal outV  that is induced by modulated continuous heating depends on the 
modulation frequency but not on the delay time. The thermal diffusion length of the pulsed heating 
can be estimated as fd K C , where K  and C are the thermal conductivity and volumetric 
heat capacity of the substrate, respectively, and    is the relaxation time of the in-phase 
temperature response after the pulse heating. In a typical TDTR system using an 80 MHz repetition 
rate pulsed laser, the maximum detectable relaxation time is limited by the time interval between 
the pulses, i.e., τ ≤ 12.5 ns (=1/80 MHz). On the other hand, the heat spreading length scale of the 
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modulated continuous heating can be represented by a thermal penetration depth, defined as 
pd K fC , where f is the modulation frequency. Generally, the thermal diffusion length of 
the pulse heating fd  is one order of magnitude smaller than the thermal penetration depth of the 
continuous heating pd  and is also much smaller than the laser spot size. Therefore, for most cases, 
the pulsed heating is mainly one-dimensional in the through-plane direction, with the in-phase 
temperature response inV  being sensitive to the thermal properties of the sample only in the 
through-plane direction. On the other hand, the continuous heating can be either one-dimensional 
or three-dimensional, depending on the comparison of the laser spot size with the in-plane thermal 
penetration depth ,inpd  . When TDTR experiments are conducted using a laser spot size much 
larger than the in-plane thermal penetration depth ,inpd  , the heat flow will be mainly one-
dimensional and the out-of-phase signal outV  will be mainly sensitive to the thermal properties of 
the sample in the through-plane direction. When TDTR experiments are conducted using a tightly 
focused laser spot with the size similar or even smaller than the in-plane thermal penetration depth 
,inpd , the out-of-phase signal outV  will be sensitive to the thermal properties of the sample in both 
the in-plane and through-plane directions. For samples lacking in-plane symmetry, we can thus 
selectively suppress the sensitivities of the out-of-phase signal outV  to thermal properties along 
certain in-plane directions by using a highly elliptical laser spot for the TDTR measurements.  
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FIG. 1. (a) Schematic of the TDTR setup. The acronyms EOM, PBS, and BS stand for electro-optic 
modulator, polarizing beam splitter, and beam splitter, respectively. (b) Schematic of the elliptical-
beam method for measuring in-plane anisotropic thermal conductivity. (c) Illustration of heat flux 
directions in TDTR experiments and how the laser spot size 2w as compared to the in-plane 
thermal penetration depth dp,in determines the sensitivity of the TDTR signals to the in-plane 
thermal conductivity Kin.  
 
A criterion is thus needed for us to decide how the elliptical beam spot sizes should be chosen 
along the major and minor axes so that the detected TDTR signals is selectively sensitive to the 
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in-plane thermal properties along the minor axis of the elliptical beam. How the detected signals 
are sensitive to the parameter α can be quantified by defining a sensitivity coefficient29 
 ln
ln
R R RS   
       (1) 
which represents the relative change in the ratio signal R = -Vin/Vout  with respect to the relative 
change in the parameter α. (Sα = 0 means that the TDTR measurements are not affected by α. With 
a larger amplitude of Sα, TDTR measurements are more strongly dependent on α.) To calculate the 
sensitivity coefficients, an accurate thermal transport model is needed to predict the detected 
signals in TDTR experiments. A detailed derivation of the thermal model for the elliptical-beam 
method is presented in Appendix A, following the model developed for circular beam spots.32 
Briefly, there are several input parameters in the thermal model, including the thermal conductivity, 
volumetric heat capacity, and thickness of the transducer layer (Km, Cm, hm), the thermal 
conductivity values of the substrate along different directions (Kx, Ky, Kz), volumetric heat capacity 
of the substrate (C), interface thermal conductance between the transducer and the substrate (G), 
and the 1/e2 laser spot radii along the major and the minor axis (wx, wy), see an illustration of the 
sample configuration in Figure 1(b). Note that in this text the symbol xw  is used to represent the 
root mean square (RMS) average of the 1/e2 radii of the pump 0x  and the probe 1x  in the x-
direction  2 20 1 2x x xw    , and likewise for wy. We focus only on wx and wy because the TDTR 
signals depend on the RMS average of the pump and probe sizes rather than their individual sizes.  
Figure 2 (a-c) shows the sensitivity coefficients of the ratio signals R in elliptical-beam 
experiments to the in-plane thermal conductivity Kx of quartz, ZnO, and graphite as a function of 
the laser spot size wx and in-plane thermal penetration depth dp,x. Here the x-direction is chosen as 
the representative one to discuss how the laser spot size wx as compared to the in-plane thermal 
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penetration depth dp,x along the same direction affects the sensitivity to Kx, while the discussion 
here also applies to any other in-plane direction. The transducer layer is chosen as the 100-nm-
thick Al film, and the delay time is fixed to be 100 ps. The three samples of quartz, ZnO, and 
graphite are taken as the representative ones for the sensitivity analysis here because they have a 
wide range of in-plane thermal conductivity spanning from 10 W m-1 K-1 to 2000 W m-1 K-1 and a 
wide range of anisotropic ratio Kx/Kz from 1.5 to 300. Figure 2 shows that the sensitivity plots of 
the three samples all exhibit the same trend that the ratio signal is highly sensitive to Kx in the limit 
,p x xd w  and not sensitive to Kx in the other limit ,p x xd w . Following the same approach in 
Ref. 33, we set the thresholds that the sensitivity 0.2S   is considered “high” and the sensitivity 
0.05S   is considered “low”. In other words, a sensitivity 0.2xKS   is needed for the signal to 
be considered sufficiently sensitive to Kx and a sensitivity 0.05
xK
S   is needed for the signal to 
be considered not sensitive to Kx. From the sensitivity plots in Figure 2, we find that the criterion 
,2x p xw d  generally guarantees a high sensitivity to Kx except for the quartz sample with Al 
transducer. The reason is that with the low thermal conductivity of the substrate (quartz) in contrast 
to the high thermal conductivity of the transducer layer (Al film), the majority of the laser heat 
spreads out in the transducer layer instead of penetrating to the substrate, making the ratio signal 
less sensitive to the in-plane thermal conductivity of the substrate. Therefore, a more stringent 
criterion of ,x p xw d  would be needed for low-thermal-conductivity materials such as quartz to 
have a sufficient sensitivity to Kx. On the other hand, the criterion ,5x p xw d  guarantees that the 
sensitivities to Kx are effectively suppressed for all the samples.  
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FIG. 2. Sensitivity coefficients of the ratio signal in elliptical-beam experiments to Kx of the 
substrate as a function of laser spot size wx and in-plane thermal penetration depth dp,x along the 
same direction for different samples of quartz (a), ZnO (b), and graphite (c), with 100 nm Al as 
the transducer. The delay time is fixed to be 100 ps.  
 
Figure 3(a) shows an example of the sensitivity coefficients of the ratio signal in elliptical-
beam experiments to the different parameters of a ZnO sample, with a 100-nm-thick Al film as the 
transducer. The elliptical laser spot has the sizes of wx = 4 μm and wy = 20 μm, and the modulation 
frequency is set at 0.35 MHz. The in-plane thermal penetration depth in ZnO at 0.35 MHz is 
estimated to be ~4 μm; so the choices of wx and wy here should meet the criteria to suppress the 
sensitivity to Ky and maintain the sensitivity to Kx. We can see that the signals are sensitive to both 
Kx and Kz but in different manners as a function of delay time. While the sensitivity to Kx is constant 
over the whole delay time range of 0.1 – 10 ns, the signal is sensitive to Kz only in the short delay 
time range but not in the long delay time ranger > 2 ns. A more detailed analysis on the sources of 
sensitivity to Kx and Kz and an explanation on their uncorrelated behavior as a function of delay 
time can be found in Appendix B. We can thus simultaneously determine these parameters from 
one single set of the elliptical-beam measurements using a least squares algorithm developed by 
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Yang et al.34 and widely used by others for TDTR experiments.19,20 Figure 3(a) shows that the 
dominant sources of uncertainty for the elliptical-beam experiments come from the minor radius 
of the elliptical beam wx, the thickness of the transducer film hm, and the heat capacity of the 
transducer film Cm.  Among the input parameters, we assume an uncertainty of 10% for Km, Ky, 
and G, 3% for Cm and Csub, 4% for hm, and 3% for wx and wy for the uncertainty estimation. Figure 
3(b) shows the confidence range of Kx and Kz when these two parameters are determined 
simultaneously from the elliptical-beam experiment. In this case, Kx and Kz of the substrate can be 
determined with an uncertainty of 8.4% and 16.1%, respectively. As we will see later that a 
significant advantage of the elliptical-beam method over the beam-offset method is that multiple 
parameters can be determined simultaneously from one single set of the measurements, while in 
the beam-offset method there is only one data point, making the input parameters 100% correlated 
to each other.  
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FIG. 3. (a) Sensitivities of the ratio signal in the elliptical-beam method to different parameters of 
the ZnO sample, plotted as a function of delay time. The elliptical laser spot has the sizes of wx = 
4 μm and wy = 20 μm, and the modulation frequency is 0.35 MHz. The transducer layer is 100 nm 
Al. (b) Confidence ranges of Kx and Kz of ZnO with these two parameters simultaneously 
determined from the elliptical-beam experiment. The uncertainties of Kx and Kz are estimated as 
8.4% and 16.1%, respectively.  
 
B. Beam-offset method 
In the beam-offset TDTR experiments, the signals were taken as the FWHM of the out-of-
phase signal Vout at a negative delay time, e.g., td = -100 ps. There are several reasons for this 
practice:11 (1) The FWHM of Vout is almost exclusively sensitive to the thermal conductivity along 
100 1000 10000
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6
56 60 64 68
35
40
45
50
Ky
CGwy
wx
Cm
hm
Kz
S 
td (ps)
Kx
(a)
(b)
K z
 (W
 m
-1
 K
-1
)
Kx (W m
-1 K-1)
+/-8.4%
+/-16.1%
12 
 
the offset direction but not to the thermal conductivity along the orthogonal directions. (2) The 
FWHM is independent of the absolute amplitude of the temperature fluctuation when the steady-
state temperature rise is <10 K. (3) The amplitude of Vin at a negative delay time is relatively small 
so that it alters Vout less for any small error in the reference phase of the lock-in amplifier. In 
addition, Feser et al.11 recommended using a thin NbV film instead of the conventional 100-nm-
thick Al film as the metal transducer for the beam-offset TDTR experiments. The reason is that 
with a much-reduced thermal conductance of the metal film (Kmhm), the FWHM signal will be 
more sensitive to the thermal conductivity of the substrate and less sensitive to the properties of 
the transducer layer, thus yielding a smaller measurement uncertainty.11  
However, despite the initial demonstration of this technique by Feser et al.11, it is still unclear 
to the readers how the laser spot size and modulation frequency should be chosen and whether the 
NbV transducer is always a necessary replacement of the conventional Al transducer for the beam-
offset experiments. To find out the optimal configurations of the laser spot size w0 and modulation 
frequency f for the beam-offset experiments, we calculate the sensitivities of the FWHM signal to 
Kx of the substrate for quartz, ZnO, and graphite with different metal transducers of NbV and Al 
as a function of w0 and f. Here the symbol w0 is used because the laser spot is generally circular 
with wx = wy = w0 in the beam-offset experiments. The FWHM signals in the beam-offset 
experiments are calculated using the thermal transport model outlined in Appendix A. Note that 
the same definition of the sensitivity coefficient as in Eq. (1) also applies to the beam-offset 
method, only to have the ratio signal R replaced with the FWHM signal in the beam-offset 
experiment. For the analysis here, the offset direction is assumed to be parallel to the x-coordinate 
so the FWHM signal is sensitive to Kx of the substrate. We find that when the frequency is 
converted into a length scale, the in-plane thermal penetration depth along the x-direction dp,x, the 
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sensitivity 
xK
S has peak values when w0 ≈ dp,x despite the wide range of in-plane thermal 
conductivity and anisotropic ratio of the three samples and the different metal transducers, as 
shown in Figure 4 (a-f).  
 
FIG. 4. Sensitivity coefficients of the FWHM signal in beam-offset experiments to Kx of the 
substrate as a function of laser spot size w0 and in-plane thermal penetration depth dp,x for different 
samples of quartz, ZnO, and graphite, with different transducers of NbV and Al.  
 
The conclusion that the laser spot size w0 being similar to the in-plane thermal penetration 
depth dp,x yields the highest sensitivity to Kx sounds counter-intuitive at a first glance, as the out-
of-phase signal Vout is expected to be highly dependent on dp,x when dp,x >> w0. To better understand 
the effect of dp,x on the FWHM signal, we plot out the simulated outV  as a function of offset distance 
0cx w  for the quartz sample at different modulation frequencies of 1 MHz and 0.1 MHz in Figure 
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5. The original outV  signals are compared with those simulated with xK  increased by 10% as a 
convenient demonstration of how the outV  signals are affected by xK . The comparison in Figure 5 
shows that for the quartz sample measured at 1 MHz with dp,x ≈ w0, only the short offset range 
0cx w  of the outV  signals are affected by xK , while for the measurements at 0.1 MHz with dp,x >> 
w0, the outV  signals are affected by xK  almost proportionally over the whole offset distance range. 
Therefore, with dp,x >> w0, the FWHM signal remains almost unchanged despite the fact that the 
amplitude of the outV  signal is significantly affected by xK . On the other hand, when dp,x << w0, 
the outV  signals do not depend on xK  (not shown in Figure 5) and the FWHM signal is only 
sensitive to the laser spot size 0w . Since the FWHM signal is not sensitive to Kx for both the limits 
of dp,x >> w0 and dp,x << w0, we can conclude that the FWHM signal has the peak sensitivity to Kx 
when dp,x ≈ w0.   
 
FIG. 5. The simulated out-of-phase signal of the quartz sample as a function of beam offset 
distance at different modulation frequencies of (a) 1 MHz, and (b) 0.1 MHz. The symbols are the 
model simulations and the curves are the Gaussian fitting of the data points. The open symbols 
and the dashed curves are calculated with +10% increase in the nominal Kx value to demonstrate 
how the Vout signals are sensitive to Kx.  
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Figure 4 also shows that the type of the transducer film significantly affects the sensitivity to 
Kx only for the quartz sample but not for the high thermal conductivity samples such as ZnO or 
graphite. A more straightforward way to evaluate the effect of the transducer is to compare the 
error propagations for Kx of the substrate estimated using the formula 
 
2
x
x
K
K
S
S



          (2) 
where   is the uncertainty in percentage, and   is any input parameter except xK . Among the 
input parameters, we assume an uncertainty of 10% for Km, Ky, Kz, and G, 3% for Cm and Csub, 4% 
for hm, and 3% for w0. To calculate the uncertainties of Kx, the laser spot sizes were chosen as w0 
= 2 μm, 4 μm, and 10 μm for the quartz, ZnO, and graphite sample, and the appropriate f is chosen 
for each sample so that , 0p xd w . The results are presented as the column bars in Figure 6, from 
which it is found that the NbV transducer in replacement of the conventional Al transducer 
dramatically reduces the measurement uncertainty from 35% to 7% for the quartz sample but 
makes a negligible difference for the ZnO or the graphite sample.  
To have a better understaning on the effect of the metal transducer, the uncertainty 
xK
  is 
calculated for a series of hypothetical samples with a wide range of Kx. The hypothetical samples 
are assumed to have a constant heat capacity of C = 2.0 MJ m-3 K-1 and an isotropic thermal 
conductivity Kx = Ky = Kz. Here the modulation frequency is fixed at f = 1 MHz and the laser spot 
size is chosen as 0 ,p xw d . From the results shown in Figure 6, NbV transducer is found to be very 
effective in reducing the measurement uncertainty when the substrate has its in-plane thermal 
conductivity in the range Kx = 6 – 30 W m-1 K-1. For samples with Kx > 30 W m-1 K-1, both NbV 
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and Al transducers work well, giving an uncertainty of <15% for the Kx measurements. On the 
other hand, for samples with Kx < 6 W m-1 K-1, neither NbV nor Al transducer work, as the 
measurement uncertainty becomes very high for both transducers. However, we should note that 
the uncertainty 
xK
  presented in Figure 6 is only the part propagated from the uncertainties of the 
input parameters. In practical experiments, the uncertainty of the FWHM signals could still 
contribute another significant part to the total uncertainty of Kx.   
 
FIG. 6. Estimated uncertainty of measured Kx as a function of Kx of the substrate using Al and 
NbV transducers, respectively. Note that the uncertainty presented here only includes the error 
propagation from the input parameters but has not taken into account the uncertainty of the 
FWHM signals in real experiments.  
 
III. COMPARISON OF THE TWO METHODS VIA EXPERIMENTAL 
DEMONSTRATION 
In this section, we compare the elliptical-beam method and the beam-offset method based on 
TDTR by measuring the in-plane thermal conductivity tensor of a ZnO [11-20] sample (optical 
grade, purchased from MTI Corp) using both techniques. ZnO is a hexagonal wurtzite crystal and 
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has a higher thermal conductivity parallel to its c-axis (55 – 62 W m-1 K-1 from literature29,35) than 
the other directions (~44 W m-1 K-1 from literature29,35). In the ZnO wafer that is [11-20] oriented 
(a-plane), the c-axis lies in-plane, see the inset of Figure 10 for an illustration of the wafer 
orientation. To prepare the samples for TDTR measurements, a layer of 100 nm Al film on the 
samples was deposited as the transducer using e-beam evaporator. The Al layer thickness was 
determined by picosecond acoustics,36 with an uncertainty of ~4%. The ZnO wafer was cleaned 
from any organic residue using isopropyl alcohol and ethanol before the metal deposition.  
To conduct the elliptical-beam experiment, a pair of cylindrical lenses were inserted in the 
pump path to generate a highly elliptical pump laser spot on the focal plane of the objective lens, 
a schematic of which is shown in Figure 7(a). The cylindrical lenses only compress the pump beam 
in the horizontal direction so that the focused pump spot on the focal plane of the objective lens 
will be elongated in the horizontal direction but the spot size in the vertical direction is unaffected. 
The laser spot size was characterized by sweeping the pump spot across the probe spot and 
measuring the in-phase signal Vin as a function of the offset distance xc at a high modulation 
frequency of 10 MHz and a short positive delay time of 100 ps. The laser spot size was extracted 
by fitting the Vin profile to a Gaussian function  2 20~ expin cV x w . The offset of the pump beam 
was controlled by rotating the polarizing beam splitter (PBS) that steers the pump beam. In this 
work, two program-controlled actuators are used to control the rotation of the PBS. The pump 
beam can thus be offset to the probe beam in any given direction with a minimum spatial resolution 
of 0.2 μm.  
When using the elliptical-beam method to measure the in-plane thermal conductivity tensor, 
one can either rotate the cylindrical lens to control the shape of the pump beam, or fix the pump 
beam and rotate the sample. In practice, we choose the latter so that the laser spot size is fixed 
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without the need to be characterized for each measurement. The sample is placed on an indexing 
mount that can be rotated for 360 degrees with an accuracy of 0.5 degree. On the other hand, when 
using the beam-offset method to measure the in-plane thermal conductivity tensor, the sample can 
be fixed while the beams are offset in any direction. Since the laser spot might not be 100% circular, 
the laser spot sizes are carefully characterized for each offset direction before conducting the beam-
offset experiments. Figure 7(b) shows the characterized laser spot size in different directions for 
the beam-offset experiments. The laser spot has an average radius of w0 = 4.7 μm, with the elliptical 
rate <5%. Figure 7(c) shows the averaged laser spot sizes of the pump and the probe along the 
major axis and the minor axis of the elliptical beam for the elliptical-beam experiments. The 
averaged elliptical beam has a long radius of 17.3 μm and a short radius of 4.5 μm. A low 
modulation frequency of 0.35 MHz is chosen for both the beam-offset experiment and the 
elliptical-beam experiment so that the in-plane thermal penetration depth dp,x and the laser spot 
sizes wx meet the optimal experimental conditions for both techniques.  
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FIG. 7. (a) Schematic of a pair of cylindrical lenses to generate an elliptical laser beam. (b) 
Circular laser spot sizes characterized for the beam-offset experiment along different offset 
directions. (c) Elliptical laser spot sizes (averaged between the pump spot and the probe spot) 
along the major and minor axes for the elliptical-beam experiment.  
 
Figure 8 (a) shows an example of the Vout signal as a function of offset distance xc averaged 
from the signals of ten individual measurements, with the offset direction perpendicular to the c-
axis of the sample. The FWHM is determined as 11.3 μm by fitting the Vout signals using a 
Gaussian function. In order to determine Kx from the measured FWHM, we use the thermal 
transport model outlined in Appendix A to simulate the FWHM as a function of Kx, as shown by 
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the thick solid line in Figure 8 (b). Kx of the substrate along the offset direction can thus be found 
by matching the measured FWHM to the simulated FWHM. We thus extract Ka = 38.5 W m-1 K-1 
along the direction perpendicular to the c-axis of ZnO [11-20].  
 
FIG. 8. (a) Averaged out-of-phase signal Vout as a function of offset distance from ten individual 
measurements (symbols) for the ZnO sample measured using modulation frequency 0.35 MHz, 
with the FWHM determined from the fitted Gaussian function (curves). (b) Determination of Kx 
and its uncertainty by comparing the measured FWHM with the simulated FWHM. 
 
Figure 8(b) shows that there are two major sources of uncertainty for the determined Kx in 
beam-offset experiments. One is the measured FWHM that has an uncertainty of repeatability due 
to the experimental noise and the error in determining the reference phase of the lock-in detection; 
the other is the simulated FWHM that has an error propagated from the uncertainties of the input 
parameters in the thermal transport model. To determine the repeatability of the measured FWHM, 
we individually repeated the measurements for ten times and found that the measured FWHM 
signal has an uncertainty of ±3.5% for our case. The uncertainty of the simulated FWHM is 
determined using the formula 
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  2FWHM S 

      (3) 
where   is any input parameter except xK . Assuming an uncertainty of 10% for Km, Ky, Kz, and 
G, 3% for Cm and Csub, 4% for hm, and 3% for wx and wy, we estimate that the simulated FWHM 
has an uncertainty of ±1.7%. Figure 8 (b) shows that the ±3.5% uncertainty from the measured 
FWHM causes ±18.5% uncertainty in Kx, while the ±1.7% uncertainty in the simulated FWHM 
causes ±9% uncertainty in Kx. Since these two sources of uncertainty are independent of each 
other, the total uncertainty for the Kx is determined as 2 218.5 9 % 21%
xK
      .   
Figure 9 (a) and (b) show the ratio signals from the elliptical-beam experiments and their fitting 
curves for ZnO [11-20] with the short radius of the elliptical beam parallel and perpendicular to 
the c-axis of ZnO, respectively. The curves of 30% bounds on the best-fitted thermal conductivity 
values are also included as a guide of reading to the sensitivity of the signals. It can be seen that 
the sensitivity to Kx is successfully suppressed by the large wx of the elliptical beam while the 
sensitivity to Ky is maintained due to the small wy in the y-direction. The sensitivity to Ky is uniform 
over the whole delay time range, while the sensitivity to Kz diminishes in the long delay time range 
> 2 ns. This means that Ky and Kz can be determined simultaneously from one set of the 
measurement. From the elliptical-beam experiments, the thermal conductivities along the in-plane 
directions perpendicular to and parallel to the c-axis of ZnO are determined to be Ka = 46 W m-1 
K-1 and Kc = 56 W m-1 K-1, respectively, and the through-plane thermal conductivity is determined 
as Kz = 46 W m-1 K-1. The Kc of ZnO determined from the elliptical-beam method (56 W m-1 K-1) 
is slightly lower than a first-principles calculation in literature (62 W m-1 K-1)35 but is consistent 
with another TDTR measurement of Kz of ZnO [0001] (55 W m-1 K-1)29, which has its c-axis along 
the through-plane direction.  
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FIG. 9. The ratio signals from the elliptical-beam experiments and their fitting curves for ZnO 
[11-20] with the short radius of the elliptical beam oriented to be (a) parallel to and (b) 
perpendicular to the c-axis of ZnO, respectively. The curves of 30% bounds on the best-fitted 
thermal conductivity values are also included as a guide of reading to the sensitivity of the signals.  
 
Figure 10 shows a summary of the in-plane thermal conductivity tensor of ZnO [11-20] 
measured by the beam-offset method and the elliptical-beam method under their optimal 
experimental conditions, respectively. Overall, these two methods compare relatively well with 
each other, with the measured in-plane thermal conductivities within the error bars. However, the 
data by the beam-offset method scatter more significantly while the data by the elliptical-beam 
method show better consistency.  
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FIG. 10. In-plane thermal conductivity tensor of ZnO [11-20] determined by the elliptical-beam 
method (solid symbols) and the beam-offset method (open symbols), compared with the first-
principles calculations (dashed line) from Ref. 35.  
IV. CONCLUSION 
In summary, we have proposed a novel elliptical-beam approach based on TDTR to measure 
in-plane thermal conductivity tensor of laterally anisotropic materials, and have it compared with 
the beam-offset approach that was recently proposed in literature11. In the elliptical-beam TDTR 
approach, a highly elliptical pump beam spot is used instead of a circular spot for the TDTR 
measurements, which suppresses the sensitivity of the TDTR signal to the in-plane thermal 
conductivity along the direction of major axis of the elliptical beam spot. Through systematic 
sensitivity analysis, we provide guidelines for the optimal experimental conditions for both 
methods. The two methods are compared by measuring the in-plane thermal conductivity tensor 
of a ZnO [11-20] sample under their optimal experimental conditions. The in-plane thermal 
conductivity tensor measured by the two methods are in agreement with each other, while the 
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elliptical-beam method shows the advantages of better accuracy and smaller measurement 
uncertainty. 
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APPENDIX A: THERMAL MODEL FOR TDTR EXPERIMENTS ON ANISOTROPIC 
MATERIALS USING CIRCULAR OR ELLIPTICAL LASER SPOTS WITH OR WITHOUT 
BEAM OFFSET 
The thermal transport model for the conventional TDTR experiments has been well 
established.30,32 Here, we present a generally applicable thermal transport model that applies to the 
conventional TDTR experiments as well as the beam-offset TDTR experiments and the elliptical-
beam TDTR experiments. In this model, when the beam spot sizes x yw w  and offset distance 
0cx  , the model applies to the beam-offset case. When x yw w  and 0cx  , it applies to the 
elliptical-beam case. When x yw w  and 0cx  , it reduces to the conventional TDTR case.    
We first start from the heat diffusion in a multilayered system with anisotropic thermal 
conductivity in each layer: 
 ܥ ߲߲ܶݐ ൌ ܭ௫
߲ଶܶ
߲ݔଶ ൅ ܭ௬
߲ଶܶ
߲ݕଶ ൅ ܭ௭
߲ଶܶ
߲ݖଶ ൅ 2ܭ௫௬
߲ଶܶ
߲ݔ߲ݕ ൅ ൅2ܭ௫௭
߲ଶܶ
߲ݔ߲ݖ ൅ ൅2ܭ௬௭
߲ଶܶ
߲ݕ߲ݖ (A1)
This parabolic partial differential equation can be simplified by doing Fourier transforms with 
respect to the in-plane coordinates and time, ܶሺݔ, ݕ, ݖ, ݐሻ ↔ Θሺݑ, ݒ, ݖ, ߱ሻ, utilizing the following 
relationships  
࣠ሼ݂ሺݔሻሽ ൌ ܨሺݑሻ ൌ න ݂ሺݔሻ݁ି௜ଶగݑݔ
ஶ
ିஶ
݀ݔ 
࣠ ቊ݂݀ሺݔሻ݀ݔ ቋ ൌ ݅2ߨݑܨሺݑሻ 
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࣠ ቊ݀
ଶ݂ሺݔሻ
݀ݔଶ ቋ ൌ െሺ2ߨݑሻ
ଶܨሺݑሻ 
as  
 ሺ݅ܥ߱ሻΘ ൌ െ4ߨଶ൫ܭ௫ݑଶ ൅ 2ܭ௫௬ݑݒ ൅ ܭ௬ݒଶ൯Θ ൅ 2݅2ߨ൫ܭ௫௭ݑ ൅ ܭ௬௭ݒ൯ ߲Θ߲ݖ ൅ ܭ௭
߲ଶΘ
߲ݖଶ  (A2)
or more compactly, 
 ߲ଶΘ
߲ݖଶ ൅ ߣଶ
߲Θ
߲ݖ െ ߣଵΘ ൌ 0 (A3)
where  
 ߣଵ ≡ ݅ܥ߱ܭ௭ ൅
4ߨଶሺܭ௫ݑଶ ൅ 2ܭ௫௬ݑݒ ൅ ܭ௬ݒଶሻ
ܭ௭  (A4) 
 ߣଶ ≡ ݅4ߨ ܭ௫௭ݑ ൅ ܭ௬௭ݒܭ௭  (A5)  
The general solution of Eq. (A3) is  
 Θ ൌ ݁௨శ௭ܤା ൅ ݁௨ష௭ܤି (A6)
where ݑା, ݑି are the roots of the equation ݔଶ ൅ ߣଶݔ െ ߣଵ ൌ 0: 
 ݑേ ൌ െߣଶ േ ඥሺߣଶሻ
ଶ ൅ 4ߣଵ
2  (A7)
and ܤା, ܤି are the complex numbers to be determined.  
From the Fourier’s law of heat conduction ܳ ൌ െܭ௭ሺ݀Θ ݀ݖ⁄ ሻ and Eq. (A6), the heat flux can 
be expressed as: 
 ܳ ൌ െܭ௭ݑା݁௨శ௭ܤା െ ܭ௭ݑି݁௨ష௭ܤି (A8)
It is convenient to rewrite Eqs. (A6) and (A8) in matrices as 
 ൤Θܳ൨௡,௭ ൌ ሾܰሿ௡ ቂ
ܤା
ܤିቃ௡ (A9)
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 ሾܰሿ௡ ൌ ൤ 1 1െܭ௭ݑା െܭ௭ݑି൨ ൤
݁௨శ௭ 0
0 ݁௨ష௭൨௡ (A10) 
where n stands for the n-th layer of the multilayer system, and z is the distance within the n-th layer 
from its surface.  
The constants ܤା, ܤି for the n-th layer can also be obtained from the surface temperature and 
heat flux of that layer by setting z = 0 in Eq. (A10) and calculating the inverse matrix of Eq. (A9) 
as:  
 ቂܤାܤିቃ௡ ൌ ሾܯሿ௡ ൤
Θ
ܳ൨௡,௭ୀ଴
 (A11)
 ሾܯሿ௡ ൌ 1ܭ௭ሺݑା െ ݑିሻ ൤
െܭ௭ݑି െ1
ܭ௭ݑା 1 ൨ (A12)
For heat flow across the interface, the heat flux and the temperature can be expressed as  
 ܳ௡,௭ୀ௅ ൌ ܳ௡ାଵ,௭ୀ଴ ൌ ܩሺΘ௡,௭ୀ௅ െ Θ௡ାଵ,௭ୀ଴ሻ (A13)
 Θ௡ାଵ,௭ୀ଴ ൌ Θ௡,௭ୀ௅ െ 1ܩ ܳ௡,௭ୀ௅ (A14)
where G is the interface thermal conductance. It is convenient to rewrite Eqs. (A13) and (A14) in 
matrices as 
 ൤Θܳ൨௡ାଵ,௭ୀ଴ ൌ ሾܴሿ௡ ൤
Θ
ܳ൨௡,௭ୀ௅
 (A15) 
 ሾܴሿ௡ ൌ ቂ1 െ1/ܩ0 1 ቃ (A16)  
The temperature and heat flux on the surface of the first layer can thus be related to those at 
the bottom of the substrate as 
 ൤Θܳ൨௡,௭ୀ௅೙
ൌ ሾܰሿ௡ሾܯሿ௡ ⋯ ሾܴሿଵሾܰሿଵሾܯሿଵ ൤Θܳ൨ଵ,௭ୀ଴
ൌ ቂܣ ܤܥ ܦቃ ൤
Θ
ܳ൨ଵ,௭ୀ଴ (A17)
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Applying the boundary condition that the heat flux at the bottom of the substrate is zero, there 
is 0 ൌ ܥΘଵ ൅ ܦܳଵ . The temperature response function H, which is the detected temperature 
change in response to the applied heat flux, can thus be found out as  
 ܪሺݑ, ݒ, ߱ሻ ൌ Θଵܳଵ ൌ െ
ܦ
ܥ  (A18)
The next step is to simulate the heating and signal detection in TDTR experiments. The sample 
surface is heated by an elliptical pump beam that has a Gaussian distribution of intensity ݌଴ሺݔ, ݕሻ 
expressed as 
 ݌଴ሺݔ, ݕሻ ൌ 2ܣ଴ߨߪ௫బߪ௬బ
exp ቆെ2ݔ
ଶ
ߪ௫బଶ
ቇ expቆെ2ݕ
ଶ
ߪ௬బଶ
ቇ (A19)
where ߪ௫బ and ߪ௬బ are the 1/e2 radii of the pump spot in the x and y directions respectively. The 2-
D Fourier transform of ݌଴ሺݔ, ݕሻ utilizing the following relationships 
࣠ሼ݂ሺݔ, ݕሻሽ ൌ ܨሺݑ, ݒሻ ൌ ඵ݂ሺݔ, ݕሻ݁ି௜ଶగሺ௨௫ା௩௬ሻ݀ݔ݀ݕ 
࣠൛݁ି௔௫మൟ ൌ න ݁ି௔௫మ
ஶ
ିஶ
݁ି௜ଶగ௨௫݀ݔ ൌ ටቀߨܽቁ ݁
ିగమ௨మ/௔ 
yields 
 
଴ܲሺݑ, ݒሻ ൌ ܣ଴expቆെߨ
ଶݑଶߪ௫బଶ
2 ቇ expቆെ
ߨଶݒଶߪ௬బଶ
2 ቇ (A20)
The distribution of surface temperature oscillation is the inverse transform of the product of 
the heat flux ଴ܲሺݑ, ݒሻ and the temperature response function ܪሺݑ, ݒሻ  
 ߠሺݔ, ݕሻ ൌ න න ଴ܲሺݑ, ݒሻܪሺݑ, ݒሻ݁௜ଶగሺ௨௫ା௩௬ሻ݀ݑ݀ݒ
ஶ
ିஶ
ஶ
ିஶ
 (A21)
The surface temperature oscillation is measured as a weighted average by an elliptical probe 
beam with x- and y-offsets to the pump as 
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 Δܶ ൌ 2ߨߪ௫భߪ௬భ
න න ߠሺݔ, ݕሻ expቆെ2ሺݔ െ ݔ௖ሻ
ଶ
ߪ௫భଶ
ቇ expቆെ2ሺݕ െ ݕ௖ሻ
ଶ
ߪ௬భଶ
ቇ ݀ݔ݀ݕ
ஶ
ିஶ
ஶ
ିஶ
 (A22) 
where ߪ௫భ and ߪ௬భ are the 1/e2 radii of the probe spot in the x and y directions, respectively, and 
ݔ௖  and ݕ௖  are the offset distance between the pump and the probe in the x and y directions, 
respectively. 
The integral of ߠ over x and y in Eq. (A22) is the inverse Fourier transform of the probe beam, 
leaving an integral over u and v that must be evaluated numerically 
 Δܶ ൌ න න ܪሺݑ, ݒሻexpሺെߨଶݑଶݓ௫ଶሻexp൫െߨଶݒଶݓ௬ଶ൯exp൫݅2ߨሺݑݔ௖ ൅ ݒݕ௖ሻ൯݀ݑ݀ݒ
ஶ
ିஶ
ஶ
ିஶ
 (A23)
where ݓ௫ଶ ൌ ሺߪ௫బଶ ൅ ߪ௫భଶ ሻ/2, ݓ௬ଶ ൌ ሺߪ௬బଶ ൅ ߪ௬భଶ ሻ/2.  
The signal detected by the lock-in amplifier is37  
 
Δܴெሺ߱଴ሻ ൌ ܴ݀݀ܶ ෍ Δܶሺ߱଴ ൅ ݊߱௦ሻ݁
௜௡ఠೞ௧೏
ஶ
௡ୀିஶ
 (A24)
where ߱଴ is the modulation frequency of pump heating, ߱௦ is the sampling frequency by the laser 
pulses (i.e., 2π times the laser repetition rate), td is the delay time between pump and probe, and 
ܴ݀/݀ܶ is the thermoreflectance coefficient. More specifically, lock-in amplifier will have in-
phase and out-of-phase outputs which are the real and imaginary parts of Δܴெ respectively: 
 
௜ܸ௡ ൌ ReሼΔܴெሺ߱଴ሻሽ ൌ 12
ܴ݀
݀ܶ ෍ ሾΔܶሺ߱଴ ൅ ݊߱௦ሻ ൅ Δܶሺെ߱଴ ൅ ݊߱௦ሻሿ݁
௜௡ఠೞ௧೏
ஶ
௡ୀିஶ
 (A25)
 
௢ܸ௨௧ ൌ ImሼΔܴெሺ߱଴ሻሽ ൌ െ ݅2
ܴ݀
݀ܶ ෍ ሾΔܶሺ߱଴ ൅ ݊߱௦ሻ െ Δܶሺെ߱଴ ൅ ݊߱௦ሻሿ݁
௜௡ఠೞ௧೏
ஶ
௡ୀିஶ
 (A26)  
The ratio ܴ ൌ െ ௜ܸ௡/ ௢ܸ௨௧ a function of delay time td is usually taken as the signal to extract the 
unknown thermal properties by comparing the thermal model calculations to the measurements.  
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APPENDIX B: SOURCES OF SENSITIVITY TO Kx AND Kz IN TDTR EXPERIMENTS 
Several questions are raised about the elliptical-beam method: Why are the sensitivities to Kx 
and Kz not correlated to each other, as depicted in Figure 3(a)? Does the anisotropic thermal 
conductivity ratio Kx/Kz affect the measurements of in-plane thermal conductivity? Is it possible 
that the ratio signal in TDTR experiments is only sensitive to the in-plane thermal conductivity Kx 
but not to the through-plane thermal conductivity Kz? To answer these questions, we need to have 
a deeper understanding on the sources of sensitivity in TDTR experiments.  
In TDTR experiments, the signals have an in-phase part Vin and an out-of-phase part Vout. The 
in-phase signal Vin further contains two components: one is due to the single pulse heating, inV ,  
and the other is due to the pulse accumulation, in in in ( 0)dV V V t    . Here we take the sample of 
100 nm Al/Si as an example to discuss how the different components of the TDTR signals ( inV , 
inV , and outV ) are sensitive to the thermal properties of the sample (in-plane and through-plane 
thermal conductivity of the substrate, Kx and Kz, and the Al/substrate interface thermal conductance 
G) under different configurations of laser spot (wx = 1 μm and 50 μm) and modulation frequency 
(f = 0.1 MHz and 10 MHz). The sensitivity coefficients of the signals inV , inV , and outV  are 
defined in the same way as in Eq. (1) in the main text, only to have the ratio signal R in Eq. (1) 
replaced with the corresponding signals. In this calculation, the thermal properties are assumed to 
be Km = 180 W m-1 K-1 and Cm = 2.44 J cm-3 K-1 for the Al transducer, G = 100 MW m-2 K-1 for 
the interface conductance, and Kx = Ky = Kz = 140 W m-1 K-1 and C = 1.6 J cm-3 K-1 for the Si 
substrate. The calculated sensitivity coefficients are summarized in Figure B1. Here we take the 
x-direction as the representative one to discuss the in-plane heat conduction, while the discussion 
here applies to other in-plane directions as well. Several general conclusions on the sources of 
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measurement sensitivity can be drawn from the sensitivity plots in Figure B1 and are summarized 
below.  
(1) The in-phase signal inV  is the result of single pulse heating; therefore, it is independent 
of the modulation frequency. The signal inV   becomes sensitive to the interface 
conductance G after the pulsed heating has diffused across the Al transducer films (the 
diffusion time can be estimated as 2Al Al AlC h K   and is ~135 ps for 100 nm Al transducer). 
The signal inV  also becomes sensitive to the through-plane thermal conductivity of the 
substrate Kz after the pulsed heating has diffused across the Al/substrate interface (the 
diffusion time can be estimated as Al AlC h G   and is ~2.4 ns for a G of 100 MW m-2 K-
1). The sensitivities of inV  to the through-plane properties Kz and G are independent of 
the laser spot size (1 – 50 μm), suggesting that the pulsed heating diffuses in the through-
plane direction irrespective of the laser spot size. For most cases, the signal inV  is not 
sensitive to the in-plane thermal conductivity of the substrate Kx due to the much shorter 
thermal diffusion length fd K C  compared to the laser spot size. Here the time scale 
  is limited by the maximum delay time of 12.5 ns. However, when the laser spot size is 
comparable to df, the signal inV   also becomes sensitive to Kx. For example, for Si 
substrate at delay time 10 ns, the heat diffusion length is estimated to be df ≈ 1 μm, similar 
to the laser spot sizes in cases (a1) and (b1) in Figure B1, thus the signal inV  is also 
sensitive to Kx at delay time 10 ns in cases (a1) and (b1).  
(2) When the time interval between pulses (12.5 ns) is not long enough for the in-phase 
temperature rise to fully decay to its original state, there would be pulse accumulation. Of 
the four cases in Figure B1, only case (c) has strong pulse accumulation, with the 
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magnitude of the accumulated in-phase signal in ( 0)dV t   being similar to or larger than 
that of the in-phase jump inV  , as shown in Figure B2. The effect of strong pulse 
accumulation makes the Vin signal more sensitive to Kz of the substrate and less sensitive 
to the interface conductance G, as revealed by comparing case (c2) to others.  
(3) Whether the out-of-phase signal –Vout is sensitive to the in-plane thermal conductivity Kx 
or not depends on how the in-plane thermal penetration depth dp,x is compared to the laser 
spot size wx. When dp,x >> wx, the –Vout signal is highly sensitive to Kx, and vice versa. For 
the cases in Figure B1, the in-plane thermal penetration depths dp,x are ~17 μm at 0.1 MHz 
and ~1.7 μm at 10 MHz. The –Vout signal is highly sensitive to Kx in case (a3) because 
dp,x >> wx. The –Vout signal is not sensitive to Kx in case (d3) because dp,x << wx. The –Vout 
signal is moderately sensitive to Kx in cases (b3) and (c3) because dp,x ≈ wx.  
(4) Whether the out-of-phase signal –Vout is sensitive to Kz and G or not depends on how the 
through-plane thermal penetration depth dp,z is compared to the equivalent thickness of the 
interface, defined as G zh K G . When dp,z >> hG, the –Vout signal is  sensitive to Kz but 
not G. When dp,z << hG, the –Vout signal becomes sensitive to G but not Kz. When dp,z ≈ hG, 
the –Vout signal becomes sensitive to both Kz and G. For the cases in Figure B1, the through-
plane thermal penetration depths dp,z are ~17 μm at 0.1 MHz and ~1.7 μm at 10 MHz, and 
the equivalent interface thickness is hG = 1.4 μm. The –Vout signal is highly sensitive to Kz 
but not G in cases (a3) and (c3) because dp,z >> hG. The –Vout signal is sensitive to both Kz 
and G in cases (b3) and (d3) because dp,z ≈ hG. The sensitivities of the –Vout signal to the 
through-plane thermal properties Kz and G are little affected by the laser spot size (1 – 50 
μm), suggesting that the continuous heating diffuses in the through-plane direction 
irrespective of the laser spot size.  
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FIG. B1. Sensitivity coefficients of the signals ΔVin, Vin, and -Vout to different parameters (Kx, Kz, 
and G) of the sample 100 nm Al/Si as a function of the delay time under different experimental 
conditions of laser spot sizes and the modulation frequency: (a1-a3) w = 1 μm, f = 0.1 MHz; (b1-
b3) w = 1 μm, f = 10 MHz; (c1-c3) w = 50 μm, f = 0.1 MHz; (d1-d3) w = 50 μm, f = 10 MHz. 
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FIG. B2. Simulated in-phase signals as a function of the delay time for the four cases in Figure 
B1. Only case (c) has the effect of significant pulse accumulation.  
 
From the discussion above, we understand that the sensitivities of the TDTR signals to Kx and 
Kz come from different sources and do not affect each other. While the TDTR signals (both Vin and 
Vout) are always sensitive to through-plane thermal properties (G and/or K z) because of the 
inevitable through-plane heat flow, the TDTR signals (mainly Vout) become sensitive to in-plane 
thermal properties (Kx) only when the laser spot size wx is comparable or smaller than the in-plane 
thermal penetration depth dp,x in the same in-plane direction.  
When the ratio R = -Vin/Vout is taken as the TDTR signal to derive thermal properties, the 
sensitivity coefficient of the ratio signal R can be viewed as the difference of the sensitivity 
coefficients of its two components: 
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the out-of-phase signal -Vout is constantly sensitive to Kz over the whole delay time range. As a 
result, the ratio signal R = -Vin/Vout is initially sensitive to Kz at the short delay time (the sensitivity 
comes mainly from Vout) and the sensitivity diminishes at longer delay times (the sensitivities from 
Vin and Vout are canceled due to similar amplitudes).  On the other hand, usually only the out-of-
phase signal -Vout is sensitive to Kx but the in-phase signal Vin is not. As a result, the ratio signal R 
= -Vin/Vout is constantly sensitive to Kx over the whole delay time range. This explains why the 
sensitivities of the ratio signal R to the in-plane and through-plane thermal conductivities of the 
substrate are not correlated over the delay time, as depicted in Figure 3(a) in the main text.  
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